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Bile acids have emerged as critical mediators of liver regeneration (11) and serve as signaling molecules and endogenous ligands for the farnesoid X receptor (FXR) (35) . Bile acids promote liver regeneration, and whole body FXR deficiency enhances mortality and delays liver regeneration following PHx or chemical-induced liver injury in mice (11) . FXR is highly expressed in the liver and intestine, and activation of FXR in both organs maintains bile acid homeostasis in a coordinated fashion (13, 15) . Selective deletion of FXR in the livers of mice does not completely block, but delays, liver regeneration (5), suggesting that FXR signaling in the intestines and/or other organs may be critical in regulating liver regeneration.
In the intestine, activation of FXR induces fibroblast growth factor 15 (FGF15), the mouse homolog of human FGF19. FGF15 is one of the endocrine FGFs, since it is highly expressed in the small intestine, but not in the liver. FGF15 travels to the liver, where it regulates a variety of hepatic functions. The best-known role of FGF15 in the liver is to suppress bile acid synthesis (12) . Specifically, FGF15 accomplishes this suppression through activation of the fibroblast growth factor receptor 4 (FGFR4), a tyrosine kinase receptor expressed on the hepatocyte membrane that subsequently leads to the activation of downstream mitogen-activated protein kinase (MAPK) signaling cascades, including ERK1/2 and JNK1/2, and ultimately results in the suppression of the expression of bile-acid synthetic genes (15, 25) . Emerging evidence suggests that FGF15/19 has dual functions. Indeed, besides regulating lipid and energy homeostasis, FGF19 promotes cell proliferation in vitro, and FGF19 transgenic mice develop liver tumors (23, 24) . However, the functions and mechanisms of FGF15/19 in liver regeneration after PHx are not well defined.
In the current study, we determined whether liver regeneration following PHx is altered by deficiency in FGF15 signaling in mice.
MATERIALS AND METHODS
Materials. All chemicals were obtained from Sigma (St. Louis, MO). Antibodies were purchase from Cell Signaling (Danvers, MA). IL-6 Elisa kit was obtained from Abcam (Cambridge, MA).
Animals. FGF15 knockout (KO) mice were provided by Dr. Curtis Klaassen at the University of Kansas Medical Center. Under pure C57BL/6J genetic background, FGF15 KO mice are mostly embryonic lethal (31), but they are viable and fertile under the 129SvJ genetic background. In detail, the heterozygous FGF15 KO mice (50% C57BL/6J and 50% 129SvJ genetic background) were backcrossed for one generation to 129SvJ or C57BL/6J genetic background, respectively, and then the heterozygotes were intercrossed to generate homozygous KO and wild-type (WT) littermate control mice. These littermates with the same background were used to establish and expand the colony. The mouse genetic background was further validated by the Illumina Mouse MD Linkage Panel consisting of 1,440 single-nucleotide polymorphisms throughout the mouse genome. Briefly, two strains of the FGF15 KO mice on different genetic backgrounds were used in the current study, and the corresponding WT mice with the same genetic background served as controls: FGF15 KO (75% C57BL/6J and 25% 129SvJ) and FGF15 KO (A) (75% 129SvJ and 25% C57BL/6J). The mice were maintained on an ad libitum diet of rodent chow (Charles River Laboratories, Wilmington, MA) with a 12:12-h light-dark cycle. Procedures involving animals were conducted according to a protocol approved by the University of Kansas Medical Center Institutional Animal Care and Use Committee. All mice were closely monitored after surgery for general well-being, and experiments were terminated early when mice became moribund by showing significant decrease in activity, body weight, and body temperature.
Two-thirds PHx. Eight-to-ten-week-old male mice (n ϭ 4 -12 mice/group) underwent standard PHx surgery (10) . FGF15 KO and FGF15 KO (A) mice were examined at various time points in separate experiments. Blood, liver, and small intestine were collected using a published method (15) .
Bromodeoxyuridine immunohistochemistry. One hour before livers were harvested, mice were injected intraperitoneally with 100 mg bromodeoxyuridine (BrdU)/kg body wt. BrdU staining was performed by standard immunohistochemistry methods (20) . The degree of BrdU incorporation into newly synthesized DNA was determined by counting positively stained hepatocyte nuclei in five microscopic fields per animal at ϫ400 magnification. The value was expressed as a percentage of BrdU-labeled nuclei vs. all nuclei in the fields.
Serum parameter analysis. Serum activity of alanine aminotransferase (ALT), alkaline phosphatase (ALP), and bilirubin were analyzed using commercial kits (Pointe Scientific, Canton, MI). Total bile acids were measured by a kit from Bioquant (San Diego, CA). IL-6 levels were analyzed using an Elisa kit from Abcam.
Quantification of hepatic mRNA expression. The mRNA levels were determined by RT-qPCR by a published method (28) . Primer sequences are shown in Table 1 .
Western blot. Equal amounts of protein from individual mice were pooled in each group. Fifteen micrograms nuclei protein, 30 g total cell extract or cytosolic protein were load onto 10ϳ15% PAGE gels. Western blot analysis was performed by standard techniques. The band's densities from Western blot were semiquantified by using ImageJ software (http://rsb.info.nih.gov/ij/). The value indicated the relative density of that band compared with the density of the band of its loading control GAPDH or histone H3 (nuclear protein).
Statistical analysis. The data are expressed as means Ϯ SE. All statistical tests used were done using Sigma Stat Statistical Software (Systat Software, Point Richmond, CA). The differences between the PHx and sham groups, or between WT and KO mice, were determined by t-test. The statistical significance between multiple groups was analyzed by one-way ANOVA followed by the Student-NewmanKeuls test. P Ͻ 0.05 is considered statistically significant. 
RESULTS
Increased liver necrosis and mortality rate of FGF15 KO mice after PHx. FGF15 KO mice on two genetic backgrounds [FGF15 KO and FGF15 KO (A)] and their corresponding WT controls were subjected to PHx. Before surgery, liver-to-body weight ratios were similar between WT and either FGF15 KO or FGF15 KO (A) mice (about 4.5%). In addition, the small intestine of WT mice on either C57BL/6J or 129SvJ background had similar baseline FGF15 mRNA levels (data not shown). After PHx, FGF15 KO mice showed significant mortality compared with WT controls, which was strain dependent. KO mice that survived the PHx also displayed a reduced recovery of liver mass. Specifically, 24 -48 h after PHx, the mortality rate was 90% in FGF15 KO mice and 60 -65% in FGF15 KO (A) mice, whereas only ϳ10% WT mice died (Fig. 1A) . However, the surviving FGF15 KO (A) mice had reduced liver growth for the entire duration following PHx (Fig. 1A) .
The increased mortality in FGF15 KO mice was not likely because of basal liver injury, because before surgery, serum levels of ALT, ALP, bilirubin, and bile acids were similar between WT and FGF15 KO mice (data not shown). After PHx, these parameters were transiently and moderately increased in WT mice and returned to normal ranges within 72 h. In contrast, FGF15 KO mice showed a significant elevation of these parameters at 24 and 36 h (Fig. 1B) . Furthermore, the FGF15 KO mice, which suffered more mortality, showed a marked increase in these parameters at 48 h, whereas the FGF15 KO (A) mice, which had less mortality, reduced these parameters by 72 h. Severe hepatocyte necrosis was observed in FGF15 KO mice, but not in WT mice, at 24 h after PHx (Fig.  1C) , and the necrotic area further increased in the KO mice at 36 and 48 h after PHx (Fig. 1C) . In FGF15 KO (A) mice, the region of necrosis was less extensive than observed in FGF15 KO mice following PHx (Fig. 1C) .
Impaired hepatocyte DNA replication after PHx in FGF15 KO mice. Staining of BrdU incorporated into DNA 24 and 36 h after PHx is routinely used to assess DNA replication in hepatocytes. In this study, a significant decrease in BrdU labeling was observed in FGF15 KO mice at 24 to 48 h after PHx ( Fig. 2A) . At 36 h, the time point of peak DNA replication, the percentage of hepatocytes stained with BrdU, was close to 40% in WT mice but was only 18% in FGF15 KO mice (Fig. 2B) . A similar decrease in BrdU incorporation was observed in FGF15 KO (A) mice (data not shown).
Expression of genes involved in cell-cycle progression, bile acid homeostasis, and inflammation. Because most of the FGF15 KO mice suffered mortality 24 -48 h after PHx, the mRNA levels of genes Ccnd1 and Ccne1 that encode Cyclin D1 and Cyclin E1 were determined at 6, 12, and 24 h after PHx. Both Cyclin D1 and Cyclin E1 mRNA levels were low and similar between WT and KO mice at 6 and 12 h following PHx but were significantly upregulated at 24 h (Fig. 3, A and  B) , However, Ccnd1 mRNA levels were much lower in FGF15 KO and FGF15 KO (A) compared with WT mice 24 h after PHx. Interestingly, Ccne1 mRNA levels were upregulated in mice with low Ccnd1 expression level, indicating a compensatory response to the lack of Ccnd1 induction.
The protein levels of several critical regulators for hepatocyte proliferation following PHx were then determined (Fig.  3C) . In WT mice, Cyclin D1 was increased markedly at 36 h and then decreased at 48 h. In comparison, the KO mice had much lower Cyclin D1 levels at 36 h, but the levels were increased at 48 h. Proliferating cell nuclear antigen was markedly induced in WT mice at both 36 and 48 h but was undetectable in the KO mice at any time point. Similar changes were observed for CDK2 and CDK4. Transcription factors CDC2, CDC25b, and FoxM1b are critical regulators of G2/M transition and mitosis and were upregulated at 36 and 48 h in WT mice, but their levels were much lower in FGF15 KO mice (Fig. 3D) .
Because FGF15 is known to suppress bile acid synthesis and the impaired liver regeneration in FGF15 KO mice is accompanied by increased serum bile acids, the mRNA levels of genes encoding proteins involved in bile acid homeostasis were measured at 0, 0.5, 3, 36, and 48 h following PHx. Additionally, levels of inflammatory cytokines involved in liver regeneration and cell-cycle regulators were determined. The mRNA levels of FXR were not changed dramatically by PHx. The mRNA levels of sodium taurocholate cotransporting polypeptide (for hepatic bile acid uptake) and bile salt efflux pump (for canalicular bile acid excretion) gradually decreased with time after PHx, but without statistically significant differences between WT and FGF15 KO mice (Fig. 3E) .
Cyp7a1 gene encodes the rate-limiting enzyme in bile acid synthesis, and its expression is suppressed by FGF15 (12, 15) . In WT mice, the mRNA levels of Cyp7a1 did not change at 0.5 and 3 h but increased ϳ6-and 2-fold at 36 and 48 h following PHx (Fig. 3E) . In FGF15 KO mice, the basal hepatic Cyp7a1 mRNA levels were 20-fold higher than those in WT mice, but dropped to 10-fold at 0.5 h after PHx, and returned to WT levels at 3 h. At 36 and 48 h, the levels of Cyp7a1 mRNA were almost undetectable in FGF15 KO mice. The mRNA levels of small heterodimer partner (SHP) were induced at 3 h in FGF15 KO mice, which were fivefold higher than those in WT mice. The mRNA levels of organic solute transporter-␤ (Ost␤) were robustly upregulated (ϳ25-fold) in FGF15 KO mice at 3 h following PHx, and further increased at 36 and 48 h (ϳ150-to 180-fold) in FGF15 KO mice. Induction of SHP and Ost␤ indicates FXR activation in the liver. Fig. 3 . Expression of genes in bile acid homeostasis, inflammation, and cell cycle progression. mRNA levels of Ccnd1 (A) and Ccne1 (B) in FGF15 KO and FGF15 KO (A) mice. C: protein levels of cell cycle-related proteins after PHx. D: mRNA levels of Cdc25b and FoxM1b, and protein levels of phospho-CDC2 in cytosol and nuclei. E and F: levels of mRNA of genes involved in bile acids homeostasis (E) and inflammation (F) and PHx 0, 0.5, 3, 36, and 48 h, n ϭ 7, 5, 4, 9, and 10 for WT, respectively; n ϭ 4, 5, 4, 12, and 10 for FGF15 KO, respectively. *P Ͻ 0.05, significant difference between WT and FGF15 KO mice at the same time point.
The mRNA levels of the inflammatory factors, IL-1, IL-6, tumor necrosis factor (Tnf)-␣, and transforming growth factor (Tgf)-␤1, known to be critical for liver regeneration, were measured (Fig. 3F) . The expression of IL-1, IL-6, and Tnf␣ was increased at 0.5 and 3 h post-PHx, but no difference was observed between the WT and KO mice, except for Tnf␣ mRNA, which was higher in KO mice than in WT mice at 3 h (ϳ2-fold). However, at 36 and 48 h, a marked increase was observed for IL-1, IL-6, and Tnf␣ in KO mice but not in WT mice. No significant difference of Tgf-␤1 expression was found between WT and KO mice.
Impaired activation of mitogen-activated protein kinase, signal transducer and activator of transcription 3, and NF-B signaling in FGF15 KO mice after PHx. Because FGF15 deficiency causes severe inhibition of DNA synthesis and hepatocyte proliferation, the activation status of signaling pathways involved in "survival" at early stages of liver regeneration were assessed.
The MAPK pathways are important in liver regeneration because c-Jun-(4, 26) and Egr1-deficient (19) mice exhibit severe defects in liver regeneration following PHx. FGF15 is known to activate the JNK/ERK signaling pathways (15) . In the FGF15 KO mice following PHx, JNK and p38 were activated to a lesser degree than in WT (Fig. 4) . Interestingly, ERK activation appeared to be stronger in FGF15 KO mice (Fig. 4) .
Signal transducer and activator of transcription 3 is critical to several cytokine-controlled cellular processes.
A cohort of cytokines and growth factors activate signal transducer and activator of transcription 3 (STAT3) proteins downstream of JAK2 and JAK1; upon stimulation, activated STAT3s dimerize and translocate into the nucleus, where they bind to target genes and induce transcription (30) . STAT3 has been shown to be critical in liver regeneration (7, 18) . In this study, total JAK1, JAK2, and c-Myc were lower in KO mice before and after PHx (Fig. 5A) . In WT mice, STAT3 was markedly activated, as measured by Y705 phosphorylation as early as 0.5 h following PHx, and by S727 phosphorylation at 36 h (Fig.  5B) . In contrast, FGF15 KO mice had much lower Y705 phosphorylation and S727 phosphorylation after PHx levels. In addition, the total STAT3 levels in nuclear extracts were decreased in the KO mice (Fig. 5B ).
IL-6 is a strong STAT3 activator, and serum IL-6 was increased as early as 3 h after PHx in both WT and KO mice. However, IL-6 levels subsequently decreased in WT mice at 36 and 48 h. In contrast, serum IL-6 remained elevated in KO mice after PHx (Fig. 5C) . Furthermore, the mRNA levels of STAT3 target genes were higher in WT mice at 36 h (c-Myc and survivin) and at 48 h (survivin). Socs3, which is a STAT3 inhibitor and a STAT3 target gene, was induced equally in WT and KO mice at 0.5 and 3 h. However, the degree of induction was less at 36 and 48 h in WT mice and markedly increased in KO mice (Fig. 5D) .
NF-B is highly activated within hours after PHx; therefore, NF-B activation has been considered a critical initiation signal in liver regeneration (8) . Moreover, NF-B activation prevents apoptosis and promotes hepatocyte survival (3). In the current study, increased nuclear p65 protein was apparent in WT mice, but this was absent in the FGF15 KO mice (Fig. 6) , indicating that FGF15 deficiency disrupts NF-B signaling following PHx. The other well-known survival signaling pathways, such as phosphatidylinositol 3-kinase/protein kinase B, mammalian target of rapamycin, and insulin receptor signaling pathway [insulin-like growth factor-I-binding protein, insulinlike growth factor (IGF)-I, and IGF-II], showed no significant difference between WT and FGF15 KO mice after PHx (data not shown).
Impaired gene expression in the early stage of liver regeneration in FGF15 KO mice after PHx. MAPK, STAT3, and NF-B activation are crucial for the priming phase of liver regeneration and may be responsible for the early response following PHx (1, 2, 33) . The results shown above suggested that the FGF15 mice were deficient in initiating liver regeneration after PHx. c-Jun and c-Fos are components of activator protein-1 (AP-1), which is important for initiation of regeneration. The FGF15 KO mice showed a delay in induction of the mRNAs of c-Jun and c-Fos. At 10 min after PHx, the induction of c-Jun and c-Fos was markedly higher in WT mice than that in FGF15 KO mice. Finally, at 30 min, FGF15 KO mice had equal (c-Jun) or higher (c-Fos) expression than the WT mice had (Fig. 7A) .
A number of additional growth factors and transcription factors, including hepatocyte growth factor (HGF), epidermal growth factor receptor (EGFR), TGF-␣, IL-6, NF-B, and CCAAT enhancer-binding protein-␤ (CEBP-␤), are involved in initiating the hepatic regenerative process. The mRNA levels of Hgf and Egfr at 10 min and NF-B and Tgf-␣ at 30 min after PHx were higher in WT mice than in FGF15KO mice, but mRNA levels of other genes examined did not show significant differences across genotypes (Fig. 7B) .
DISCUSSION
FGF15 is the mouse homolog of human FGF19 and highly expressed in the small intestine. Emerging evidence suggests that FGF15/19 is an endocrine FGF and is critical for a variety of liver functions, including suppressing bile acid synthesis, promoting protein synthesis, and improving insulin sensitivity (12, 14, 15, 32) . However, the role of FGF15 in liver regeneration is not fully defined. The current study demonstrates that mice deficient in FGF15 have severely impaired liver regeneration following PHx. The FGF15 KO mice exhibited severe liver necrosis, elevated levels of bile acids, and high mortality. Markers indicating successful hepatocyte proliferation were diminished in FGF15 KO mice after PHx. Furthermore, activation of several transcription factors critical for liver regeneration, including NF-B and STAT3, was abolished at early time points in FGF15 KO mice following PHx.
This study clearly demonstrates that FGF15 deficiency causes acute liver failure in mice after PHx, and the KO mice failed to regenerate their livers. Our results are consistent with the recently published study of Uriarte and coworkers (29) . In that study, increased bile acids and reduced FGF15 both contributed to liver failure following PHx, as evidenced by finding that both administration of cholestyramine to reduce bile acid levels and exogenous Fgf15 protein administration reduced liver necrosis and mortality and promoted liver regeneration in the FGF15 KO mice after PHx. In the current study, we confirmed and extended those findings by demonstrating that mouse genetic background is crucial for the severity of liver failure in FGF15 KO mice after PHx. Under the C57BL/6J background, FGF15 KO mice are mostly embryonic lethal, since Ͻ2% of the homozygous mice can survive (31) , but under 129SvJ background, FGF15 KO mice are viable and fertile (unpublished data). Our results showed that, under 75% C57BL/6J and 25% 129SvJ background, FGF15 KO suffered more liver damage and significantly higher mortality rate compared with KO mice under 25% C57BL/6J and 75% The role of FGF15 in liver regeneration after PHx is not without controversy, since mice deficient in FGFR4, which is believed to be the major receptor of FGF15 in the liver, showed only slight delay in liver regeneration after PHx (34) . Because the FGFR4 KO mice used for PHx were on 129Sv background, and these mice only showed slight delay in liver regeneration, it is likely that the difference between FGF15 KO mice and FGFR4 KO mice in response to PHx is partly due to the genetic background. Indeed, strain-dependent effects on liver proliferation and carcinogenesis have been reported (17, 22) . However, it cannot be excluded that FGF15 may activate other receptors in the FGFR4 KO mice, since FGF19 was reported to activate not only FGFR4 receptor but also several other FGFRs that are expressed in the liver (15, 16) . The mechanism of the strain-dependent difference of the FGF15 pathway is not known. However, our initial analysis indicates that the mRNA levels of FGF15 in mice with pure C57BL/6J or 129SvJ background do not differ, suggesting that levels of expressed FGF15 mRNA do not explain the impact of genetic background on severity of liver injury following PHx in the FGF15 KO. Variation in certain genetic loci(s) between these two stains might be responsible for the differential response to FGF15 deletion after PHx, so future investigation of the genetic loci(s) that is responsible for the strain-specific differences may help to determine novel pathways in regulating liver growth.
FGF15 is a major suppressor for bile acid synthesis, and high bile acids were persistently present in KO mice following PHx, whereas the WT mice only showed a modest and transient increase in serum bile acids following PHx. The basal Cyp7a1 expression was markedly higher in the KO mice (20ϫ), but this was sharply suppressed within 3 h following PHx. The other mechanisms would include the induction of SHP and inflammation in the KO mice starting at 3 h post-PHx because SHP and inflammation are known to suppress Cyp7a1 gene expression (6, 9) . However, the acute suppression of Cyp7a1 did not reduce bile acid levels. Furthermore, a dramatic induction of Ost␤ mRNA in the KO mice following PHx indicates enhanced bile acid burden, and the increase in bile acids is likely a mechanism responsible for more extensive liver necrosis and mortality in FGF15 KO mice after PHx. We did not define the effects of reducing bile acids on liver regeneration in FGF15 KO mice. However, recent studies reported that reducing the bile acid pool decreased mortality after PHx in FGF15 KO or FXR KO mice (11, 29) .
Most FGF15 KO mice died within 36 -48 h after PHx, and these mice had increased bile acid levels. In the mice that survived, there was no evidence of normal liver regeneration after PHx as evaluated by commonly used markers of regeneration (1-3) . The activation of immediate-early response genes is believed to be driven by inflammation and, in particular, increased TNF-␣ and IL-6, classical activators of NF-B and STAT3, respectively. Although we did not observe a reduction of the expression of these cytokines in the KO mouse liver following PHx at early time points (0, 0.5, and 3 h), activation of both NF-B and STAT3 was much lower in the KO mice. AP-1 expression was also decreased, and several growth factors and transcription factors were reduced at 10 min after PHx in FGF15 KO mice, indicating that deletion of FGF15 may have affected the initiation of liver regeneration, which could result in impaired activation of genes required for cell survival. However, it is unclear how FGF15 facilitates the activation of hepatic NF-B and STAT3 signaling pathways. One possibility is that FGF15 binds and activates its receptor FGFR4, which, through a tyrosine phosphorylation cascade, activates STAT3 and NF-B signaling pathways.
The results reported in the current study further confirm that intestinal FGF15 could promote liver regeneration in mice, and FGF15 gene deletion in mice markedly increases mortality after PHx (29) . Moreover, we have shown that mouse genetic background affects FGF15-regulated liver regeneration. More importantly, we showed that, after PHx, the FGF15 KO mice had impaired signaling pathways that are critical in liver regeneration, including STAT3, NF-B, and MAPK. In summary, the current study suggests two roles that FGF15 may play in promoting liver regeneration (Fig. 8): 1) FGF15 deletion disturbs bile acid homeostasis, and excessive bile acid accumulation in the regenerating liver can cause hepatocyte damage and disrupt hepatic regeneration and 2) deletion of FGF15 may lead to a defect in the initiation of liver regeneration, which might contribute to liver failure in the long term. These two roles might interact with each other, and future studies will be needed to clarify the underlying mechanism(s).
